INTRODUCTION ,
The principal objectives of this study have been to determine the quantities of radiologically significant fission products released from failed light water reactor (LWR) fuel rods under accident conditions, t o identify their chemical and physical forms, and to interpret the results f o r use as input to computer models of postulated spent fuel transportation accidents (SFTAs) and loss-of-coolant accidents (LOCAs). The purposes of this paper are to summarize the source term models developed for cesium and iodine and to demonstrate the application of these models to the analysis of cesium and iodine release during a pressurized water reactor (PWR) LOCA.
The models of fission product release in steam are based on three separate sets of experiments that were conducted over a temperature range of 500-1200°C.
that were applied to the surfaces of unirradiated UO One test series employed simulants ( C s I , C s O H , and Te02) 1 fuel pellets. A second series used f u e l c a p s u l e s t h a t were d e s i g n e d t o b o i l i n g water r e a c t o r s p e c i f i c a t i o n s and t h a t had been i r r a d i a t e d t o 1000 MWd/MT a t h i g h h e a t r a t i n g (560-660 W/cm) , 2 9 3 and t h e t h i r d s e t of e x p e r i m e n t s i n v o l v e d t e s t s w i t h commercial f u e l t h a t had been i r r a d i a t e d t o 30,000
MWd/MT i n t h e H. B. Robinson PWR a t low h e a t r a t i n g (175-320 W / c m > . 3
A summary of t h e t e s t d a t a i s g i v e n i n Table 1 These low release v a l u e s are b e l i e v e d t o b e F u e l i r r a d i a t e d a t h i g h e r h e a t r a t i n g (and t h u s r e a c h i n g h i g h e r f u e l t e m p e r a t u r e s ) would b e e x p e c t e d t o release a d d i t i o n a l q u a n t i t i e s of 
Implant-lc Implan t-2 Implant-3 Implant-4 Implant-5 Implan t-6 Implant-8 Implant-10 Implant-11 Implant-12 'Implant T e s t S e r i e s c l a d d i n g , 0.965 cm I D ; f u e l l e n g t h 30.48 cm; 24-cm l e n g t h of p e l l e t s c o a t e d w i t h s i m u l a t e d f i s s i o n p r o d u c t s .
dLow Burnup F u e l T e s t S e r i e s c l a d d i n g , 1 . 2 7 cm I D ; f u e l l e n g t h , 15.24 cm; i n -r e a c t o r f i s s i o n g a s release, 11.6% (LBU-1) and 18.9% (LBU-2). The models assume that the release is the sum of two components: burst release (carried out with escaping plenum gas when the rod ruptures) and diffusional release (diffused from the gap space after the plenum gas has vented). The following two sections describe the derivation of the burst and diffusional release components of the model.
Burst Release (Release at Time of Rupture)
When the cladding ruptures, the fill and fission gases flow mainly from the plenum through the pellet-to-clad gap space and out the rupture opening. The escaping gas tends to become saturated with fission product vapors and reaches a maximum concentration at the rupture location, which is typically at the highest axial temperature. The mass of each fission product species released is therefore equal to the concentration of the species in the gas phase at the rupture location (assuming surface-togas-phase mass transfer equilibrium) multiplied by the volume of gas flowing out the rupture opening. The model assumes saturation, only as an upper limit on release. However, kinetic factors that determine in part the gas-phase concentrations of the fission product species are treated empirically.
Pertinent data from the implant and high burnup burst tests are listed in Table 2 . In each test the masses of cesium and iodine released during rupture were determined by subtracting the estimated diffusional release component from the total released. A s shown in Table 1 , the amounts released following rupture were usually less than those released at the time of rupture. The volume of gas vented was calculated from the plenum and fuel rod void of rupture and the temperature distribution. The concentrations of cesium and iodine were then calculated simply as the ratio of mass released to volume of vented gas, with the volume calculated at O°C and external system pressure. The p a r a m e t e r s a , a , and C are a d j u s t a b l e c o n s t a n t s t h a t are d e r i v e d from t h e e x p e r i m e n t a l d a t a . The p e r t i n e n t v a l u e s are l i s t e d i n T a b l e 3. 1 I Ix I l l l l 1 1 I I l l 1 1 1 I 1 I 1 1 1 1 1 1 I I 1 I I l l l l 0.1 2 5 1 2 5 10 2 5 100 2 5 1000 GAP CONCENTRATION ( P L g Cs/cm* CLADDING) r or 2 5 10,000 Above i n t e r p r e t a t i o n i s q u e s t i o n a b l e . I n i t i a l masses based on 1 6 c m of h e a t e d l e n g t h .
i n T e s t HBU-12 were 0.3%. F i g . 3 . I n i t i a l r a t e of release of cesium from a f u e l rod r u p t u r e d i n steam c o n t a i n i n g 1 2 . 9 pg C s / c m 2 c l a d d i n g i n t h e gap s p a c e . o v e r t h e t e m p e r a t u r e r a n g e of i n t e r e s t t h a t t h e l e n g t h of t h e f u e l rod would have l i t t l e i n f l u e n c e on t h e mass of material r e l e a s e d d u r i n g d e p r e ss u r i z a t i o n of t h e r o d .
(There would b e a n a r t i f i c i a l dependence on f u e l The t h r e e g r o u p s of e q u a l rod numbers c o r r e s p o n d t o burnups of 30,000, 20,000 a n d 10,000 MWd/MT; f u e l a l e n g t h , 365.8 cm; c l a d d i n g i n t e r n a l a r e a a d j a c e n t t o f u e l , 1069.3 cm2. would be equal to approximately 1.5% of the total inventory. fission gas release would therefore be approximately 2.77%.
The total 6 . COMPARISON WITH THE WASH-1400 LOCA It is interesting to compare these release values with those used in WASH-1400.8 fraction of gap inventory that escapes following rupture) are listed in Table 8 . These best-estimate predictions of total cesium and iodine release differ by factors of 200 and 60 respectively. ference are due to two factors: inventory than used in WASH-1400 and lower estimates of the gap escape fractions. The lower estimate for initial fission gas inventory in the example PWR6 is believed to be partly a result of the attainment and recognition of lower peak-to-average power ratios throughout the modern reactor. On the other hand, the high gap escape fractions used in KASH-1400 were based upon estimated volatilities, because the available experimental data were both sparae and inconsistent.
Values for gap inventory and gap escape fraction (the These large difa lower estimate for initial fission gap a Calculated for stable and long half-life isotopes. The gap inventory and total release of l3II and 133x3, would be 3-9 times lower. bAn additional amount of fission gas, approximately 1.5% of the total inventory, would be released during heatup.
